Study Design. Retrospective, case-control, matched cohort.
Management of adult spinal deformity is a growing challenge. Adolescents with spinal deformities often present with minimal disability. Consequently, management is directed toward prevention of curve progression. Affected adults, however, have been shown to demonstrate greater function limitation, greater daily analgesic use, and less satisfaction with their appearance compared with unaffected individuals. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The goals of management of adult spinal deformity therefore include restoration of spinal alignment, pain relief, and improved quality of life. Segmental spinal instrumentation improves deformity correction and facilitates early postoperative mobilization compared with nonsegmental instrumentation. [15] [16] [17] [18] [19] Pedicle screw instrumentation achieves true 3-column fixation and enhanced mechanical control of instrumented vertebral segments compared with hook and wire constructs. Pedicle screw constructs have demonstrated improved stabilization in the lumbar spine and improved thoracic deformity correction in adolescent idiopathic scoliosis (AIS) when compared with traditional hook-based constructs. 20 -32 Thoracic pedicle screw (TPS) instrumentation proximal to T9 has been described in adults for traumatic, neoplastic, and infectious conditions; however, to our knowledge, there are no reports on the outcomes of adult spinal deformity treated with TPS instrumentation. [33] [34] [35] [36] The purpose of this study was to compare the radiographic and clinical outcomes of adult spinal deformity patients treated with TPS to those treated with thoracic hook constructs.
Materials and Methods
Inclusion Criteria. Following approval from the institutional review board, adult patients Ͼ21 years of age treated with thoracic instrumentation for spinal deformities from March 1992 to October 2002 by the senior authors were identified from a single institutional database. The database was reviewed for age, diagnosis, prior surgeries, date of surgery, TPS or thoracic hook instrumentation, posterior or anterior/ posterior surgery, levels fused, number of osteotomies, total follow-up, and complications. Complications were defined as pseudarthrosis, loss of fixation, postoperative decompensation requiring surgical revision, superficial and/or deep infection, neurologic deficit, and medical morbidities. Exclusion criteria included: age Ͻ21 years; instrumentation constructs that did not extend to T9 or proximal; acute traumatic, infectious, or neoplastic conditions; and follow-up Ͻ2 years. Patients were divided into TPS or hook groups and matched according to age, diagnosis, primary coronal or sagittal plane deformity, total previous surgeries, and surgical procedure. TPS patients received segmental pedicle screw instrumentation to T9 or proximal from October 1999 to August 2002. A matched cohort of hook patients received thoracic hook instrumentation to T9 or proximal from March 1992 to October 2002.
Operative Technique. Posterior spinal arthrodesis was per-
formed on an open OSI frame. TPS constructs consisted of 5.5-or 6.35-mm stainless steel rod-based segmental Cotrel-Dubousset Horizon instrumentation (CDH; Medtronic Sofamor-Danek, Memphis, TN). All pedicle screws were inserted using the free hand technique previously described by Kim et al. 37 Pedicle screw diameter was selected by evaluation of preoperative radiographs and during pedicle channel preparation. Preoperative CT scans were not used to assess pedicle orientation or diameter. Documentation of intraosseous screw position was confirmed by fluoroscopic image intensifier or portable radiographs.
Hook constructs consisted of 5.5-or 6.35-mm stainless steel rod-based segmental CD instrumentation or CDH instrumentation (Medtronic Sofamor Danek). Laminar, transverse process, and pedicle hooks were used as anchors, and Wisconsin wires were used for translational correction over the apex of the thoracic curve. 38 Cantilever forces, translational apical correction with wires, rod rotational maneuvers, in situ translational correction maneuvers, and compression or distraction maneuvers were the primary corrective maneuvers. 39, 40 All patients had combined motor and somatosensory-evoked potential along with pedicle screw EMG stimulation during the operative procedure as recommended by Raynor et al. 41 Posterior bone grafting was identical between groups. In each group, iliac crest bone graft was used in 24 patients, local autogenous bone in 3 patients, and bone morphogenetic protein combined with local autogenous bone in 1 patient. All anterior thoracic fusions proximal to T9 received autogenous rib graft.
Radiographic Measurements. Preoperative, early postoperative (within 2 months), 2 year postoperative, and last follow-up (if Ͼ2 years) anteroposterior and lateral standing 36-inch-cassette spine radiographs and preoperative side-bending radiographs were obtained at one institution. Radiographic measurements were manually obtained by two authors that were not involved in the operative care of the subjects.
Radiographs were evaluated for: Cobb angle of the main thoracic curve (MT); 42 curve flexibility (measured on preoperative side-bending and supine radiographs); coronal balance (distance between the C7 plumb line and center sacral vertebral line); sagittal balance (distance from the C7 plumb line to the posterior superior sacral endplate); thoracic kyphosis (Cobb angle between T5 and T12); thoracolumbar kyphosis (Cobb angle between T10 and L2); lumbar lordosis (Cobb angle between T12 and S1); and proximal junctional kyphosis (PJK; Cobb angle between the most proximal instrumented vertebra and the uninstrumented vertebra 2 levels proximal. PJK was considered present if the angle was Ն10°of kyphosis and was Ն10°more kyphosis vs. the preoperative measure).
All postoperative radiographs were evaluated for loss of fixation. The criteria used to diagnose pseudarthroses were: implant breakage, increased lucency around a pedicle screw, progression of deformity, motion on postoperative side bending or flexion-extension plain radiographs, and motion during surgical exploration. 
Statistical Analysis. Statistical analysis was performed at the
Washington University Medical Center Division of Biostatistics using SAS software (SAS version 9.1, Cary, NC). P values were based on the Student t test for continuous variables. P values for categorical variables were generated using the Fisher's exact test. For both tests, a P value of Ͻ 0.05 was considered significant. Pearson correlation Ͼ0.6 or ϽϪ0.6 was considered significant.
Results

Demographics
Fifty-six patients (53 female, 3 male), average age 49 years (range, 30 -78 years) were treated with TPS (n ϭ 28) or hook (n ϭ 28) constructs (Table 1) . Twenty patients with coronal deformities were treated with TPS (CTPS; n ϭ 10) or hook (CH; n ϭ 10) constructs. Thirtysix patients with sagittal deformities were treated with TPS (STPS; n ϭ 18) or hook (SH; n ϭ 18) constructs. The average follow-up for all patients was 3.6 years (range, 2-9 years). CTPS patients had shorter follow-up than CH patients (2.5 years vs. 4.8 years; P Ͻ 0.05). STPS patients had shorter follow-up than SH patients (2.6 years vs. 4.4 years; P Ͻ 0.05). The average number of total posterior levels and anterior thoracic levels fused was similar between both groups. No CTPS or CH patient received anterior release or fusion proximal to T9. Three STPS (17%) and 3 SH patients (17%) received anterior fusion proximal to T9. The average number of Smith-Petersen osteotomies within the sagittal group was similar (TPS ϭ 1.6, hook ϭ 1.1). Seventy-four TPS were placed in the CTPS group, and 150 TPS placed in the STPS group, for a total of 224 TPS placed.
Radiographic Outcomes
Primary Coronal Deformities. CTPS patients had larger preoperative MT curves (CTPS ϭ 59.8°, CH ϭ 44.9°; P Ͻ 0.05) and more rigid MT curves (side-bending residual MT curve STPS ϭ 42.4°, CH ϭ 21.6°; P Ͻ 0.05) than CH patients (Figure 1 ; Tables 2-4) . CTPS constructs demonstrated improved postoperative MT correction compared with CH constructs at last follow-up (CTPS ϭ 24.8°, CH 13.8°; P Ͻ 0.05). CTPS final postoperative MT correction exceeded preoperative sidebending correction (CTPS ϭ 41.5%; side bending ϭ 29.1%; P Ͻ 0.05). CH postoperative MT correction never exceeded preoperative side-bending MT curve correction.
Primary Sagittal Deformities. STPS and SH preoperative and postoperative values for thoracic kyphosis, lumbar lordosis, sagittal balance, and postoperative sagittal balance correction were similar (Table 3) . STPS constructs trended toward better maintenance of sagittal balance correction than SH at last follow-up; however, these val- Complications There were 21 total complications in 15 patients. Fifteen total patients (27%), 5 TPS (18%) and 10 hook patients (36%), had minimum one postoperative complication (Table 5) . Thirteen of 15 patients with complications (87%) required surgical revision. Five TPS (18%) and 8 hook (28%) patients with complications required surgical revision.
Pseudarthroses. Seven pseudarthroses occurred in 58 patients (12.5%). There were 4 thoracic (7%) and 3 (5%) lumbar pseudarthroses. All pseudarthroses were confirmed surgically and revised. There were no thoracic pseudarthroses in the TPS group. There were 2 lumbar pseudarthroses in the TPS group diagnosed average 1.75 years after surgery (range, 1-2.5 years). Four hook patients (14%; CH ϭ 2, SH ϭ 2) had a thoracic pseudarthrosis diagnosed average of 3.2 years after surgery (range, 1.75-4.5 years). There was one lumbar pseudarthrosis in the hook group diagnosed 2 years after surgery.
Instrumentation Failures. There was one TPS instrumentation failure (4%), in which a thoracic domino loosened, requiring limited incision and replacement. There were 7 cases (25%) of instrumentation failure in the hook group; 5 required surgical revision. The thoracic instrumentation failed in all 4 hook patients with thoracic pseudarthroses. The lumbar instrumentation failed in 3 hook patients due to hook cut out; none of these 3 patients was diagnosed with a pseudarthrosis.
Infections. There were 3 postoperative deep wound infections (5%): one in the TPS group and two in the hook group. All patients were treated surgically with irrigation and debridement and postoperative intravenous antibi- otics. The instrumentation was removed in 2 patients and retained in 1 patient.
Thoracic Neurologic Complications. There were no thoracic neurologic complications or injuries to the spinal cord in either group.
Other Complications. Two TPS patients (7%) had postoperative lumbar radiculopathy due to foraminal compression following Smith-Petersen osteotomies for flatback deformity. Both were treated with acute decompression and resolution of symptoms. One TPS patient degenerated the L5-S1 disc space 7 months after surgery, causing sagittal imbalance that was revised with fusion extension to the sacrum and pelvis. Two hook patients had postoperative lumbar coronal decompensation. Both were revised surgically.
Clinical Outcomes
Preoperative SRS questionnaires were completed by 34 patients (61%; 17 TPS and 17 hook patients). Fifty-two of 56 patients (93%) completed SRS questionnaires at last follow-up (26 TPS and 26 hook patients). The average normalized postoperative SRS score at last follow-up was greater than the preoperative score for all patients (3.6 vs. 2.9, respectively; P Ͻ 0.0005). Twenty-eight patients (50%; 12 TPS and 16 hook patients) completed both preoperative and last follow-up SRS questionnaires. The average postoperative SRS score at last follow-up was greater than the preoperative score for all patients completing preoperative and last follow-up questionnaires (3.8 vs. 3.0, respectively; P Ͻ 0.0005). There was no statistical difference between TPS and hook for total preoperative SRS scores, total last follow-up scores, or for specific pain, function, self-image, or satisfaction domains at all time points. The amount of MT curve correction, sagittal balance correction, and thoracolumbar kyphosis correction at last follow-up did not correlate with improved SRS scores (Pearson coefficient range values, 0.04 -0.16).
Total SRS scores were lower in patients requiring surgical revision than patients that did not require surgical revision (3.2 vs. 3.8, respectively; P Ͻ 0.05). At last follow-up, SRS scores for patients with a pseudarthrosis were lower than for patients without a pseudarthrosis; however, this difference was not statistically significant (3.14 vs. 3.7, respectively; P ϭ 0.06).
Discussion
Pedicle screw instrumentation enhances control of instrumented spine levels. 44 Suk et al 28 and Kim et al 20 demonstrated the benefits of pedicle screw instrumentation when treating AIS thoracic deformities. 20, 28 Suk et al reported 71% MT curve correction in the TPS group compared with 49% correction in the hook group. 28 Kim et al reported 76% curve correction in the TPS group compared with 50% correction in the hook group. 20 No neurologic complications were reported in either study. We performed a retrospective, matched cohort analysis comparing the outcomes of TPS to thoracic hook instrumentation for adult spinal deformities. TPS constructs demonstrated greater postoperative MT coronal correction, greater thoracolumbar kyphosis correction, had no cases of thoracic pseudarthrosis, and had lower revision rates compared with hook constructs.
Third-generation thoracic instrumentation techniques have demonstrated good outcomes when treating adult deformity. Ali et al evaluated minimum 2-year radiographic and clinical outcomes of 28 adult scoliosis patients treated with thoracic hook and wire systems. 33 They reported a 61% major curve correction and 100% fusion rate at last follow-up. Thoracic curve correction was not specified. Seventy-one percent of the patients received anteroposterior fusion. Using a nonvalidated clinical outcomes questionnaire, 74% of patients (17 of 23) reported probable relief of symptoms and 87% (20 of 23) reported satisfaction with the results of surgery. Takahashi et al reported 53% thoracic curve correction in 58 adults using thoracic hook and wire instrumentation. 45 Four patients (7%) received anterior thoracic curve release and fusion. They noted a decreased amount of curve correction in older patient groups. We demonstrated 42% MT curve correction in the TPS group compared with 31% in the hook group. No patient received anterior thoracic release proximal to T9. TPS patients 40 to 49 years of age demonstrated 50% MT curve correction at last follow-up, whereas hook patients demonstrated 34% MT curve correction. Takahashi et al reported 37% thoracic curve correction in the same age group. 45 We demonstrated improved postoperative sagittal balance in both operative groups at last follow-up, consistent with previous reports.
46 -50 TPS constructs demonstrated improved correction of thoracolumbar kyphosis (12.1°) compared with the hook group (2.5°) and restored anatomic alignment (3.6°) across the thoracolumbar spine, whereas as the hook group had a residual kyphosis across the thoracolumbar junction (12.2°). PJK increased in both TPS and hook patients at all time points compared with preoperative values. The incidence of PJK was greater in TPS than hook constructs. The implications for this are not known, as a greater incidence of PJK did not correlate with a need for revision surgery or correlate with poor outcome scores. Lee et al showed that a preoperative curve Ͼ10°from T2 to the proposed fusion site and preoperative kyphosis Ͼ5°f rom T2 to the proposed fusion site were predictive for increased postoperative PJK. 51 The authors, however, were unable to determine if PJK disposed patients to functional limitations or increased pain.
Our 27% complication rate is comparable to that previously reported for adult spinal deformity surgery.
13,45-48,52-56 Our 12.5% pseudarthrosis rate is also similar to that previously reported. 13, 33, 43 Kim et al recently reported increased pseudarthrosis rates in patients Ͼ55 years of age, fusions Ͼ12 vertebrae, and preoperative thoracolumbar kyphosis Ͼ20°when treating adult scoliosis. 43 The authors stressed that the 2-year postoperative follow-up was not enough time to determine bony union. This may explain the lower pseudarthrosis rate reported in our TPS group, as the average TPS follow-up was significantly less than the hook group.
We demonstrated improved postoperative SRS outcome scores for all patients, which is consistent with previous reports for spinal deformity surgery. 57, 58 Patients requiring surgical revision for a postoperative complication demonstrated significantly lower SRS scores. These findings further validate use of the SRS outcomes instrument to evaluate the treatment of adult spinal deformities. 1, 59 Despite improved deformity correction in the TPS group, we were unable to demonstrate improved postoperative SRS scores in the TPS group or correlate the amount of deformity correction with improved SRS scores. This is consistent with previous reports following treatment for AIS. 57 The main limitation of this study is its retrospective design. We attempted to mitigate this limitation by performing a matched, cohort analyses. However, this cannot supplant a randomized, prospective analysis. Our TPS cohort represents a cross-sectional analysis and does not assume to be a comprehensive review of our experience with adult spinal deformity patients treated with TPS instrumentation. Therefore, despite the fact that there were no iatrogenic spinal cord injuries or thoracic root injuries, suprajacent vertebral fractures, or pedicle fractures, this does not exclude a very real potential for these complications when using TPS instrumentation. However, we have not had any spinal cord or thoracic neurologic complications from the use of TPS in any pediatric or adult spinal deformity patient in over 10 years of use of these implants at our institutions.
Conclusion
TPS instrumentation is a safe and effective method for the treatment of adult spinal deformities. Patients treated with TPS benefited from improved correction of coronal and sagittal deformities compared with controls treated with hook constructs. There were no cases of thoracic pseudarthroses in the TPS group. There was a reduced incidence of instrumentation failure and no thoracic neurologic complications with the use of TPS.
Key Points
• TPS instrumentation allowed greater coronal plane deformity correction for larger, more rigid adult spinal deformities compared to hook constructs.
• TPS instrumentation allowed greater thoracolumbar kyphosis correction compared to hook constructs.
• TPS instrumentation is safe and may reduce the risk of thoracic pseudarthrosis, instrumentation failure and revision spinal surgery.
